Anion channels play significant physiological roles in humans and animals. However, the effort of screening for anion channel modulators was limited by the available assay technologies. This report discusses the development of a cell-based functional chloride channel assay using iodine as the chloride channel functional indicator. Iodine concentrations were measured with modified Sandell-Kolthoff reaction using colorimetric detection. The assay was rapid and quantitative. When WSS-1 cells were activated by γ-aminobutyric acid (GABA) in the condition that γ-aminobutyric acid type A receptor (GABA A receptor) conducted outwardly rectifying chloride channel function, the EC 50 of GABA was 7.69 µM. IC 50 s were 0.53 µM for bicuculline and 3.1 µM for picrotoxin, respectively, in the presence of 10 µM GABA. When Capan-1 cells were activated by forskolin, the EC 50 was 0.14 µM. The assay can also be applied to inwardly rectifying anion channels as exemplified by GABA A channel with an EC 50 of 294 µM. Thus, the assay is universal and reliable and can be used for anion channel highthroughput screening. (Journal of Biomolecular Screening 2004:607-613) 
INTRODUCTION
C HLORIDE CHANNELS ARE PROTEINACEOUS PORES in biological membranes that allow the passive diffusion of chloride ions (Cl -) along their electrochemical gradient. 1 These channels also conduct other negatively charged ions such as Br -, I -, NO 3 -, HCO 3 -, SCN -, and small organic acids. 2 They were named chloride channels mainly because chloride ions were the most abundant anion in biological systems.
Chloride channels played important physiological roles in central nervous system (CNS), kidney, bone metabolism, and muscle function. The loss, disruption, or mutations of distinct chloride channels lead to many diseases or disorders, such as impairment of transepithelial transport in cystic fibrosis (CF), 3 Bartter's syndrome, 4 increased muscle excitability in myotonia congenital, 5 reduced endosomal acidification and impaired endocytosis in Dent's disease, 6 impaired extracellular acidification in osteoclasts and osteoporosis, 7 and blindness. 8 Small molecules and other therapies have been found to be able to correct the chloride channel malfunction. For example, low temperature and chemical agents corrected the mutant cystic fibrosis transmembrane conductance regulator (CFTR) malfunction and restored the cells to Clpermeable. An important goal in CF therapy is the identification of modulators that restore Clpermeability in CF epithelial cells.
Existing technologies for identifying chloride channel modulators are a compromise between throughput, physiological relevance, sensitivity, and robustness. A widely accepted assay for studying chloride channel function is the patch-clamp technique. 9 Although several companies have attempted to automate the patch-clamp process, 10 the ion current complexity, price, and reproducibility of the experimental results renders it unsuitable for a high-throughput screening (HTS) application. Another assay technology for functional chloride channel assays is radioactive tracer-based technology. Both 125 I 11 and 36 Cl 12 have been successfully used for functional chloride channel assays. However, the cost and safety issues associated with the radioactive tracer screening technology have prevented the assay platform from being used widely in the biotechnology industry. Recent advances in fluorescent protein chemistry have resulted in several iodine-sensitive yellow fluorescent proteins. The assay is homogeneous and can be ideal for HTS application. Successful application of this technology has also been reported for CFTR modulator screening. 13 However, fluorescent protein patent restriction, the need for fluorometric imaging plate reader (FLIPR), and the difficulty of creating cell lines with multiple subunits have hindered the application of this technology for general anion channel functional screening. An alternative sensitive quantitative assay that could easily be adaptable to HTS is needed.
We have developed a simple assay format that uses iodide flux to monitor the effect of γ-aminobutyric acid (GABA) on γaminobutyric acid type A (GABA A ) receptor and forskolin on CFTR receptor. The assay is nonradioactive and safe to handle in an HTS lab environment. It provides a simple, rapid, and convenient means to conduct anion channel agonist or antagonist screening. The method can be applicable to a variety of cultured cells. Because the assay does not require confluent monolayers, it can be applied to cells that do not form tight junctions and primary cell cultures.
MATERIAL AND METHODS

Cell culture
WSS-1 cell line was a commercially available cell line that functionally expressed human GABA A receptor (adenovirus type) in HEK293 cells (ATCC Cat# CRL-2029). The functional GABA A channel contained only α and γ subunits as tested by both Northern and Southern Blot analysis. 14 Cells were grown in DMEM medium (Cell Growth, VA) containing 4 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 1.0 mM sodium pyruvate, and 10% fetal bovine serum (FBS). They were cultured in a tissue culture incubator at 37°C with 10% CO 2 . To plate cells in 96-well plates, 100 µl of cells with density of 250,000 cells/ml were dispensed into a D-lysine-coated 96-well plate (Corning, Corning, NY) with Multidrop (Thermo, Burlington, Canada) equipped with a low dead-volume adaptor (CJC Scientific, Ottowa, Canada). Experiments were performed after the cells were cultured in the 96-well plate for a minimum of 12 h.
Capan-1 was an adenocarcinoma pancreas cell line. It expressed endogenous wild-type CFTR receptor. The cells were purchased from ATCC (ATCC, #HTB-79, Manassas, VA) and grown in Iscove's modified Dulbecco's medium (Invitrogen, Carlsbad, CA) with 4 mM L-glutamine, 1.5 g/L sodium bicarbonate, and 20% FBS. Cells were incubated at 37°C with 5% CO 2 .
Experiments were performed after cells were cultured in a 96well plate for a minimum of 12 h.
Chemicals
All chemicals were purchased from Sigma Aldrich Corp. (Sigma Aldrich, St Louis, MO, USA) except when otherwise stated. They were sulfuric acid 96% (#32355-1), arsenic (III) trioxide (#11100), ammonia Ce (IV)-sulfate (#22175-9), ammonium hydroxide 25% (EM Science #AX1303-3, Gibbstown, NJ), sodium iodide (#S9538), calcium chloride (#22231-3), sodium phosphate monobasic (#71492), magnesium chloride (#63063), ammonium chloride (#09711), γ-aminobutyric acid (GABA, #A-230), forskolin (#47735), potassium iodide (#60399), sodium hydroxide (#71694), and phenolphthalein (#P9750).
Reagents
Detection buffer I was prepared by dissolving 19.8 g of arsenic (III) acid in a mixture of 300 ml-deionized water and 50 ml of 25% ammonia. Sulfuric acid was added until the red color of the phenolphthalein indicator disappeared. Another 28 ml of sulfuric acid and 25 g of ammonium chloride were added to the solution. The final volume was adjusted to 1000 ml with deionized water.
Detection buffer II was prepared by suspending 10 g of ammonia Ce (IV)-sulfate in 474 ml of deionized water. Twenty-six milliliters of sulfuric acid were then added, bringing the final volume to 500 ml.
Iodine-loading buffer consisted of the following components: 150 mM NaI, 2 mM CaCl 2 , 0.8 mM NaH 2 PO 4 , 1 mM of MgCl 2 , and 5.4 mM of KI; adjust pH to 7.4 with 1 N sodium hydroxide.
Cell lysis buffer consisted of 1% triton X-100 in deionized water.
Assay sensitivity and standard curve generation
Sodium iodide was dissolved in water to a final concentration of 1.3 mM. A serial dilution of 1:3 was performed in deep-well plates to final concentrations of 1300, 433, 144, 48, 16, 5.3, 1.8, 0.59, 0.2, 0.07, 0.02, and 0.007 µM. One hundred microliters of sample was added to each well, followed by the modified Sandell-Kolthoff reaction as describe below. OD405 was measured after the mixture was incubated at room temperature for 10, 15, 20, 25, 30, and 70 min. Assay detection limit was defined as minimum sodium iodide concentration that meets the following condition: OD405 sample -OD405 control > 3SD control , where OD405 sample is OD405 from the sample containing sodium iodide and OD405 control is OD405 from the sample that contains no sodium iodide. SD control is the standard deviation of control. Each data point represents the average of 8 samples.
Iodine efflux assay
To test GABA A channel's outwardly rectifying chloride current, microplates containing WSS-1 cells were loaded with 100 µl of prewarmed iodine-loading buffer and incubated at 37°C 10% CO 2 for 4 h. Cells were washed with DPBS (Invitrogen, CA) 3 times, and 100 µl of DPBS containing GABA was added back to the plates. In experiments designed to test compound effects on GABA A outwardly rectifying chloride channel, test compounds were added to the cells with iodine-loading buffer during the iodine-loading step and incubated for a minimum of an additional 30 min before the cells were washed with DPBS buffer.
To test CFTR channel's outwardly rectifying chloride current, microplates containing Capan-1 cells were loaded with 100 µl of prewarmed iodine-loading buffer and incubated at 37°C and 5% CO 2 for 4 h. Cells were washed with DPBS (Invitrogen, CA) 3 times, and 100 µl of DPBS containing forskolin was added back to the plates.
Agonist titration was performed by incubating iodine-loaded WSS-1 cells with GABA at final concentrations of 1000, 333, 111, 37, 12, 4, 1.33, and 0.44 µM, or Capan-1 cells with forskolin at final concentrations of 100, 33, 11, 3.7, 1.2, 0.4, 0.13, and 0.04 µM. Following incubation, supernatant was removed to a new plate and the cells were lysed with 100 µl lysis buffer. Iodine concentration of the cell lysate was measured with modified Sandell-Kolthoff reaction (SK assay) as described below. The conductivity of GABA A and CFTR channels was expressed as the percent activity of the channel, which was defined as (OD405 sample -OD405 low )/ (OD405 high -OD405 low )*100, where OD405 sample was measured from the SK assay on cells treated with various concentrations of GABA or forskolin; OD405 high was measured from the SK assay on cells treated with 300 µM of GABA or 10 µM of forskolin, and OD405 low was measured from the SK assay on cells without agonist treatment.
To test the effect of the known GABA A channel antagonists (picrotoxin and bicuculline), iodine-loaded WSS-1 cells were activated by 10 µM or 100 µM GABA in the presence of different concentrations of the test compounds. Iodine concentrations in cell lysates were measured with the modified SK method. Compound IC 50 s were calculated with GraphPad Prism version 3.02 (GraphPad Software, San Diego, CA).
Iodine influx assay
GABA A also conducts inwardly rectifying chloride current under certain conditions. A specific protocol for measuring chloride influx rate was used. WSS-1 cells were plated at 25,000 cells/well and cultured at 37°C overnight. Medium was then removed and 100 µl of iodine-loading buffer was added with GABA at final concentrations of 1000, 333, 111, 37, 12, 4, 1.33, 0.44, and 0.14 µM. After 5 min of room-temperature incubation, cells were lysed with 100 µl lysis buffer. Iodine concentrations were measured with the modified SK method. The conductivity of GABA A channel was expressed as the percent activity of the channel, which was defined as (1 -(OD405 sample -OD405 low )/(OD405 high -OD405 low ))*100, where OD405 sample was measured from the SK assay on cells treated with various concentrations of GABA, OD405 low was measured from the SK assay on cells treated with 300 µM of GABA, and OD405 high was measured from the SK assay on cells without agonist treatment.
Modified Sandell-Kolthoff reaction (SK reaction)
Typically, one hundred microliters of samples that contained different concentrations of iodine were mixed with equal volume of detection buffer II. This mixture is stable at room temperature and can be stored at room temperature up to 2 h (longer incubation was not tested). Equal volume of detection buffer I (100 µl) was added to the wells that contained a mixture of 200 µl of samples and detection buffer II. The mixture was incubated at room tem-perature for 15 to 30 min before the OD405 reading with Spectrometer Plus (Molecular Devices, Sunnyvale, CA). The mixture of sample, detection buffer I, and detection buffer II is unstable. The yellow color may change within minutes due to the presence of a high concentration of iodine. Thus, the sample should be read with the reader set at the fastest reading mode.
Assay automation
For screening quality evaluation, WSS-1 cells were treated with 100 µl iodine-loading buffer with RapidPlate (Caliper Life Sciences, Mountain View, CA) for 4 h. Cells were washed with DPBS (Invitrogen, CA) 3 times using plate washer (Titertek, Huntsville, AL). The GABA A channel was opened by adding 100 µl of DPBS that contained 10 µM of GABA (positive control) or no GABA (negative control) with a RapidPlate. After 5 min of incubation at room temperature, the supernatant was removed and cell lysis buffer (1% Triton X-100) was added to the microplate with Multidrop. Iodine concentration in the cell lysate was determined following the modified SK method as described above.
The Z′ factor was calculated as described by Zhang et al. 15 
RESULTS
Assay detection limit
Testing of serial dilution of NaI using the modified SK method suggested this assay had a linear range of 0.13 to 13 µM if the assay was allowed to proceed for 30 min at room temperature (Fig. 1a) . However, the linear range can be shifted if different reaction times are allowed at room temperature (Fig. 1b) . Thus, the assay should be optimized based on your projected sample iodine concentration. The assay's lowest detection limit was 0.07 µM, as suggested by Fig. 1c . OD405 at 0.07 µM was 3.63, and OD405 for control was 3.833, with SD of 0.066. ∆OD405 was 0.2, and 3*SD control was 0.198.
GABA titration
To validate the assay for cell-based functional chloride channel screening, WSS-1 cells, which functionally expressed GABA A chloride channel, were tested in iodine-efflux assay format. GABA A channel could be either inwardly rectifying or outwardly rectifying chloride channel depending on the cross-membrane ion concentration. 16,p.293 However, the dominant channel activity was outwardly rectifying chloride channel. Under our conditions, we used GABA to induce outwardly rectifying chloride channel activity at room temperature. GABA has an EC50 of 7.69 µM (Fig. 2) .
Forskolin-activated CFTR chloride channel
CFTR chloride channel is a known chloride channel with clinical importance. We tested this channel in both influx assay format (data not shown) and efflux assay format. CFTR efflux assay sug- gested that the EC 50 of forskolin was 0.14 µM (Fig. 3 ). However, when the cells were tested with influx assay format, as high as 100
µM forskolin did not have a significant effect on the channel. Thus, we believe that the CAPAN-1 cell line that functionally expressed endogenous CFTR chloride channel conducted dominantly outwardly rectifying chloride channel in our condition.
GABA A channel antagonist study
To prove the feasibility of using this technology for screening of channel modulators, we tested 2 known GABA A channel blockers. The GABA A channel noncompetitive inhibitor picrotoxin had an IC 50 of 3.1 µM, and the competitive blocker bicuculline had an IC 50 of 0.53 µM in the presence of 10 µM GABA (Fig. 4a ). We defined chloride channel activity as 100% in the presence of 300 µM of GABA and 0% with no GABA activation. However, when the channel was activated with 100 µM of GABA, picrotoxin had an IC 50 of 5.3 µM, representing a 2-fold potency drop, and bicuculline had an IC 50 of 7.3 µM, representing 14-fold drop in potency (Fig. 4b) .
Iodine influx assay
GABA activated GABA A inwardly rectifying chloride current dose-dependently with an EC 50 of 294 µM (Fig. 5 ). The potency of GABA is much lower for inwardly rectifying chloride channel than that of outwardly rectifying chloride channel (40-fold reduction in potency).
Assay automation
Four 96-well plates were processed with half of the samples treated with 10 µM GABA (columns 1-6) and another half with no GABA (columns 7-12). The average OD405 from samples that were treated with GABA was 0.99, with SD of 0.08. The average OD405 from samples that were not treated with GABA was 0.33, with a SD of 0.045. The Z′ factor was 0.42.
DISCUSSION
The purpose of this study was to establish a practical method for screening potential chloride channel modulators. We have successfully developed an assay that utilizes nonradioactive iodide as a functional chloride channel indicator. The assay is simple, reliable, and amenable to automation. This assay format provided several advantages over existing anion channel functional study technologies. Although traditional patch-clamp technology is the gold standard for ion channel functional study and provides high-content information about the reaction, it is labor intensive and expensive in the HTS environment. One of the technical difficulties associated with patch-clamp technology is that we cannot get a 100% success rate due to cell variation. Iodine-based assay used 25,000 cells each well. Thus, loss of channel activity in some cell population will not significantly affect the assay performance.
We used nonradioactive iodine as a tracer for chloride conductance pathways for several reasons: 1) the cost was low compared to that of radioactive 125 I or 36 Cl assays. 17 Radioactive assays are expensive with respect not only to raw material but also to waste disposal. 2) This assay was safer than radioactive tracer-based assays.
3) Radioactive 125 I has been successfully applied to several functional chloride channel assays. 11 Thus, the principle of using iodine as a functional chloride channel indicator is acceptable to a large spectrum of labs including academic labs. 4) Because of the relatively low intrinsic iodine concentration within the cells, small iodine concentration changes could be detected.
Using iodine as a tracer also provided several advantages over the fluorescent protein method. First, the SK assay method is the most sensitive and reliable assay method to detect trace amounts of available iodine. The assay is derived from the method by Sandell and Kolthoff 18 based on the following reaction: in the test sample could be determined by the absorbance at 405 nm. As shown in Figure 1 , OD405 had a linear relationship with iodine concentration within the range of 0.13 to 13 µM. Thus, this assay could be used to quantify sample iodine concentration within a wide range. The assay was originally developed for food iodine concentration detection. It was later suggested as a standard method for trace amount iodine concentration measurement. 19, 20 The World Health Organization suggested this method as the global-standard iodine-detection method because of its ultra high sensitivity and reliability. 21 Second, SK assay is a heterogeneous assay and compound is washed away before absorbance detection. Thus, no compound-signal interference is expected. Compounds that may be fluorescent will not affect the signal. Third, fluorescent protein is very sensitive to reagent pH and other environment conditions. Thus, compounds that change the detection solution pH might interfere with fluorescent protein assay performance. The modified SK method is not sensitive to pH change. Compounds with extreme pH profile should not result in false compound identification. Fourth, because this assay used absorbance detection mode, no special hardware upgrade was needed. Most of the labs could adopt this detection method without major capital spending.
To prove the assay reliability, we tested EC 50 s of GABA on GABA A channel and forskolin on CFTR. The EC 50 s were 7.69 and 0.14 µM for GABA and forskolin, respectively. These data were similar to the reported data with other methods. 13 Tests of 2 known GABA A channel inhibitors suggested that picrotoxin, a noncompetitive channel blocker, and bicuculline, a potent GABA A channel blocker, had IC 50 s of 3.1 and 0.53 µM, respectively, in the presence of 10 µM GABA. This result agreed well with that measured using radiotracer technology and patch-clamp technology. 12 However, IC 50 number could vary significantly depending on assay conditions, such as cell number and GABA concentration. A parallel test showed picrotoxin had an IC 50 of 5.3 µM (2-fold IC 50 shift) and bicuculline had an IC 50 of 7.3 µM (14-fold IC 50 shift) in the presence of 100 µM GABA. This result agreed with the patch-clamp data, suggesting that picrotoxin is a noncompetitive inhibitor and bicuculline is a competitive inhibitor.
CONCLUSION
A novel functional chloride channel was developed. This assay provided a nonradioactive, robotic-friendly assay format for functional chloride channel study. The assay detected as low as 0.07 µM iodine concentration change, which was 100 times more sensitive than that of the atomic absorbance spectrometer. The assay was successfully applied to CFTR and GABA A chloride channels. We believe this assay could be used for functional study of general anion channels and transporters.
